We demonstrate a silicon-organic hybrid (SOH) Mach-Zehnder modulator (MZM) generating four-level amplitude shift keying (4ASK) signals at symbol rates of up to 64 GBd both at room temperature and at an elevated temperature of 80 °C. The measured line rate of 128 Gbit/s corresponds to the highest value demonstrated for silicon-based MZM so far. We report bit error ratios of 10 −10 (64 GBd BPSK), 10 −5 (36 GBd 4ASK), and 4 × 10 −3 (64 GBd 4ASK) at room temperature. At 80 °C, the respective bit error ratios are 10 −10 , 10 −4 , and 1.3 × 10 −2 . The hightemperature experiments were performed in regular oxygen-rich ambient atmosphere. 
Introduction
Power-efficient photonic-electronic interfaces operating at high speed are key elements of high-performance data and telecommunication networks. With the widespread adoption of coherent transmission techniques, Mach-Zehnder modulators (MZM) and MZM-based inphase/quadrature (IQ) modulators have become central building blocks of such interfaces. To support advanced modulation formats, MZM must be capable of reliably generating multilevel signals at high symbol rate, low energy consumption, small footprint and low cost. Silicon photonics is an especially attractive integration platform for such devices: The high refractive index contrast of silicon-on-insulator (SOI) waveguides allows for compact devices and high integration density, while mature CMOS processing enables fabless mass production and opens a path towards large-scale co-integration with electronics [1, 2] . Since the intrinsic inversion symmetry of the silicon crystal lattice prohibits any technically relevant secondorder nonlinearities, current high-speed silicon MZM have to rely on carrier injection or depletion in reverse-biased p-n junctions that are integrated into the waveguide core [3, 4] . This leads to rather low modulation efficiencies with minimum voltage-length products of the order of U π L = 10 Vmm [5] and results in comparatively large, millimeter-long modulators which still require high drive voltages of up to 5 V [6] . For simple on-off-keying (OOK), the highest data rate demonstrated with an all-silicon MZM so far amounts to 70 Gbit/s [7] . Using advanced modulation formats, the highest symbol rates amount to 56 GBd, achieved in a QPSK signaling experiment with a line rate of 112 Gbit/s per polarization at a bit error ratio of 1 × 10 −2 [8] . Higher line rates of up to 180 Gbit/s per polarization have been achieved by using more complex modulation formats such as 64QAM at symbol rates of 30 GBd [9] , or by using electrical OFDM [10] , but these implementations need extensive and power-hungry pre-and post-processing in the electrical domain to compensate for the impairments caused by the modulators' amplitude-phase coupling. The limitations of conventional all-silicon modulators can be overcome by silicon-organic hybrid (SOH) integration, which exploits organic electro-optic (EO) materials in combination with conventional SOI slot waveguides to realize pure phase modulators that do not suffer from amplitude-phase coupling [11] [12] [13] . With this approach, devices with significantly reduced voltage-length products of only U π L = 0.5 Vmm have been demonstrated, enabling modulation at record-low energy consumption of only 1.6 fJ/bit [14, 15] . In transmission experiments, SOH MZM have been demonstrated to enable data rates of 100 Gbit/s using simple OOK [16] . Similarly, SOH IQ modulators are perfectly suited for signaling with higher-order modulation formats such as 16QAM [17] . Symbol rates of up to 40 GBd and line rates of up 160 Gbit/s have been demonstrated experimentally [18] . The high efficiency of SOH devices even enables direct interfacing of IQ modulators to the binary outputs of an FPGA to generate 16QAM data streams without using preamplifiers or digital-to-analog converters [19] . However, while SOH modulators show great promise to further increase both symbol and data rates, the wider use of these devices is still hampered by doubts as to the temperature stability of the organic materials, in particular regarding the decay of acentric order in the poled material when operated at elevates temperatures.
In this paper we demonstrate that SOH Mach-Zehnder modulators can generate multilevel signals at symbol rates of up to 64 GBd, both at room temperature and at elevated temperatures of 80 °C. The high-temperature experiments were performed in regular oxygenrich ambient atmosphere using an EO material, which is specified to be stable up a temperature of 85 °C [20] . In the experiment, we generate both binary phase shift keying (BPSK) and 4-level amplitude shift keying (4ASK) signals with a single 750 µm long SOH Mach-Zehnder modulator [21] , achieving line rates of up to 128 Gbit/s. Our experiments represent the first demonstration of SOH devices operating at an elevated temperature, while achieving the highest data rate so far demonstrated for a silicon-based MZM.
Silicon-organic hybrid modulator
Silicon-organic hybrid modulators rely on the interaction of the light guided by an SOI waveguide with an EO cladding material which is exposed to an externally applied electric field [13] . Figure 1 (a) shows a schematic (top) and a cross section of the SOH Mach-Zehnder modulator (MZM): Standard SOI strip waveguides form the interferometer together with multimode interference couplers (MMI) operating as amplitude splitter and combiner. In each arm, the phase modulators are realized by SOI slot waveguides, the cross-section and the profile of the dominant optical electric field amplitude of which are shown in Fig. 1(b) . The silicon rails and the slot have a width of w rail = 240 nm and w slot = 120 nm, respectively. The rails are connected to a coplanar ground-signal-ground (GSG) transmission line, Fig. 1(a) , via conductive, slightly n-doped silicon slabs with a height of h slab = 70 nm, Fig. 1(c) . For the fundamental quasi-TE mode, the high refractive-index contrast between waveguide and EO cladding leads to an enhancement of the optical field within the slot, while a voltage applied to the transmission line drops mainly across the narrow slot leading a high modulation radio frequency (RF) field. Both fields overlap strongly, leading to an efficient modulation, see Fig. 1(b) for a contour plot of the dominant component of the optical mode (E x,opt ) and Fig. 1(c) for a plot of the E x,RF component of the modulation field. Due to the high modulation efficiency, the MZM can be as short as 750 µm. The transmission line of the modulator is designed for a characteristic impedance of 50 Ω, matched [17, 22] to the characteristic impedance of common RF equipment. The bandwidth of the SOH device is typically limited by the RC time constant formed by the slot capacitance and the finite conductivity of the resistive slabs. To increase the slab conductivity, a gate voltage U gate can be applied between the silicon substrate and the device layer to accumulate electrons at the interface between Si slabs and buried oxide (BOX), see Fig. 1(a) [23, 24] . This decreases the RC time constant of the device and increases the EO 3 dB bandwidth to more than 32 GHz, the Nyquist frequency of the 64 GBd data signal. This value was estimated by simulations and by measurements with similar devices. We may hence conclude that the signal quality in our transmission experiment was mainly limited by the 30 GHz drive amplifier, and not by the modulator itself. Fig. 2 . Schematic of the experimental setup. Electrical multilevel drive signals at symbol rates of 36 GBd and 64 GBd are generated by an arbitrary waveform generator (AWG, Micram Instruments, AWG6020) with up to 72 GSa/s. The DC bias voltage for adjusting the operating point is applied to the MZM via a bias-T (not drawn), and the transmission line is terminated with 50 Ohm to avoid reflections. An external-cavity laser (ECL) at 1565 nm is used as an optical source and is coupled to the MZM chip via fibers and grating couplers. The optical output signal is amplified by an erbium-doped fiber amplifier (EDFA) and subsequently received by an optical modulation analyzer (OMA) in a homodyne configuration.
Without gate voltage, the EO bandwidth falls below 10 GHz. Optimized doping profiles allow to omit the gate voltage for future device generations, and we recently demonstrated an SOH device operating without gate voltage at 80 Gbit/s OOK [16] . For fabrication, we use a standard SOI wafer with a 220 nm thick device layer and a 3 µm thick BOX. The silicon waveguides are structured using electron beam lithography, while optical lithography is employed for defining the metallization. The chip is clad with the commercially available electro-optic material SEO100 from Soluxra, which is specified for operation at temperatures up to 85 °C [20] . The cladding material is poled by heating it close to its glass transition temperature of 140 °C while applying a poling voltage across the two floating ground electrodes of the MZM. Half of the voltage drops across each slot, resulting in an ordered orientation of the dipolar chromophores in the slot as indicated by the black arrows in Fig. 1(a) . After cooling the device to room temperature, the orientation of the chromophores freezes and the poling voltage source is removed. The red arrows in Fig. 1(a) indicate the RF field applied to the GSG electrodes. It is antisymmetric with respect to the orientation of the chromophores, resulting in opposite phase shifts in the two arms of the MZM. Hence pushpull operation is achieved by connecting a single-ended data signal to the transmission line.
Experimental setup
The experimental setup for signal generation is sketched in Fig. 2 . An arbitrary waveform generator (AWG, Micram Instruments model AWG6020) generates the electrical NRZ drive signal in form of a pseudo-random bit sequence with a length of 2 11 -1. An electrical amplifier with 30 GHz bandwidth amplifies the signal to a peak-to-peak voltage of 2 V. This modulation voltage is coupled to the GSG transmission line via microwave probes. An external cavity laser (ECL) generates the optical carrier, which is coupled to the chip via grating couplers (GC). The optical output of the modulator is coupled to an erbium-doped fiber amplifier (EDFA) for compensating the excess loss of 21 dB which is dominated by the loss of the non-optimized grating couplers of 6 dB per facet. The MZM features an insertion loss of 9 dB, which is attributed to losses in passive components such as MMI and strip-toslot converters (< 1 dB in total) [25] , to propagation loss in the access waveguides caused by sidewall roughness (1 dB), and to free-carrier absorption [26] (≈ 1 dB) as well as scattering loss (6 dB) in the 750 µm long MZM slot waveguides. It is expected that these losses can be greatly reduced in future devices: Slot waveguides can be fabricated with propagation losses as low as 0.65 dB/mm [27] , and optimizing the doping profile can reduce the doping-related losses to below 1 dB/mm. At the receiver side, an optical modulation analyzer (OMA) Agilent N4391A is used for homodyne detection and signal analysis. The OMA performs standard digital post-processing comprising polarization demultiplexing, phase estimation, and channel equalization. For signals with a symbol rate of 36 GBd the drive voltage at the input of the modulator is measured to be 2 V pp .
For 64 GBd signals we use a linear electrical pre-emphasis to compensate low-pass characteristics of the setup, which are predominantly caused by the 30 GHz driver amplifier. The necessary pre-equalizer parameters are estimated at the receiver side and then applied to the AWG. Pre-equalization includes an increased voltage swing at the output of the AWG for compensating the low-pass roll-off. The resulting voltage level at the input of the modulator is estimated to remain at 2 V pp . A constant gate field of 0.1 V/nm is applied between the silicon substrate and the device layer to improve the bandwidth of the device. The silicon chip with the SOH modulator is placed on a metallic sample holder which can be heated via a thermoelectric heater. The sample temperature is measured by a resistive temperature detector inside the sample holder and close to the silicon chip. Measurements are performed at room temperature as well as at 80 °C, without taking any measures to shield the devices from ambient oxygen. As modulation format, we use BPSK and 4ASK at symbol rates between 36 GBd and 64 GBd. Depending on the symbol rate, the AWG is operated at sampling rates of 72 GSa/s and 64 GSa/s, respectively.
Measurements
Measured eye patterns and constellation diagrams are shown in Fig. 3 . The first set of measurements is performed at room temperature, upper row. For a second set, the sample is operated as before, but heated to 80 °C, lower row. After one hour at 80 °C in ambient atmosphere, we start the data recording. As a quantitative measure of the signal quality, we use the measured bit-error ratio (BER) and the error vector magnitude (EVM m ), which describes the effective distance of a received complex symbol from its ideal position in the constellation diagram, using the maximum length of an ideal constellation vector for normalization [28] . For operation of the device at 36 GBd, we find an average π-voltage of U π = 2.2 V, estimated from the compression of the outer points in the 4ASK constellation diagrams. The corresponding voltage-length product at high-speed operation is therefore U π L = 1.6 Vmm, which leads to an estimated EO coefficient of r 33 = 60 pm/V. This U π Lproduct is slightly higher than the values measured for best-in-class devices [14, 15] , which we attribute to imperfect poling and to the fact that the material used in this work is not optimized only for highest EO activity but also for increased stability. There is vast potential in improving device performance by using cross-linkable materials with EO coefficients beyond 100 pm/V [29] . Nevertheless, even in the current experiment, the measured U π Lproduct is well below the 10 Vmm that are to be expected for conventional depletion-type devices [5] .
For 36 GBd 4ASK signaling at room temperature, the EVM m is measured to be 9.0%, and the BER is estimated to be approximately 1 × 10 −5 . Too few errors were recorded for directly determining a statistically significant BER value. At 80 °C, the EVM m increases slightly to 10.3%, and the BER is estimated to be 1 × 10 −4 . The corresponding eye diagrams and the constellation diagrams are depicted in Fig. 3(a) . For both temperatures, the BER are well below the threshold of 4.5 × 10 −3 for hard-decision forward error correction (FEC) with 7% overhead [30] . At a symbol rate of 64 GBd we use a pre-emphasis to compensate for the lowpass characteristics in the measurement setup, which predominantly arise from the 30 GHz preamplifier (model SHF 807). The results for BPSK signaling at 64 GBd are shown in Fig. 3(b) . The signal is error-free both for room temperature and for operation at 80 °C, i.e., no errors could be measured within our record length of 62.5 µs (8 × 10 6 bits). The EVM m values of 17.1% and 19.0% indicate a BER smaller than 10 −10 [28] . Figure 3 (c) depicts the data for 64 GBd 4ASK signals. At room temperature, the measured EVM m is 14.7% and the measured BER amounts to 4.3 × 10 −3 , just below the threshold for hard-decision FEC. For operation at 80 °C, the EVM m is measured to be 17.6%, and the measured BER is 1.3 × 10 −2 , still below the threshold of 2.4 × 10 −2 for soft-decision FEC with 20% overhead [31] . At room temperature, the line rate (net data rate) of the 64 GBd 4ASK signal amounts to 128 Gbit/s (120 Gbit/s). These figures represent the highest values demonstrated so far for a siliconbased Mach-Zehnder modulator. The slightly reduced signal quality at elevated temperatures is attributed to an increased π-voltage after burn-in. Using again the compression of the outer points in the 4ASK constellation diagrams to extract the π-voltage, we estimate a 12% increase as an upper limit for the degradation after burn-in. Apart from the burn-in phase, the performance of our modulator stayed constant over the entire measurement. Moreover, we did not observe any significant degradation of the devices over several months of repeated use and storage under normal laboratory conditions at room temperature. This is well in line with previous reports on the SEO100 material, where, after a short burn-in period, more than 90% of the material efficiency was retained for more than 500 hours [20] . These experiments provide a first proof-of-principle that SOH modulators can indeed be operated at elevated temperatures. A detailed investigation of aging and temperature stability of organic EO materials is subject to ongoing research. By using modified cross-linkable chromophores, the orientational stability of the chromophores can be further improved [32] . The viability of this approach has been demonstrated for EO compounds with high r 33 , where material stability of up to 200 °C has been achieved [29, 33] .
Summary
We demonstrate the first high-speed operation of an SOH modulator at an elevated temperature of 80 °C in regular oxygen-rich ambient atmosphere. A single 750 µm long SOH Mach-Zehnder modulator is used to generate multilevel signals at symbol rates of up to 64 GBd. The achieved line rate of 128 Gbit/s and the corresponding net data rate of 120 Gbit/s correspond to the highest value demonstrated for a silicon-based Mach-Zehnder modulator so far. Based on these findings and on progress in EO material research, we expect that SOH modulators evolve towards high-performance devices with high reliability.
